We present an overview of the status and recent developments of FeynHiggs (current version: 2.14.3) since version 2.12.2. The main purpose of FeynHiggs is the calculation of the Higgs-boson masses and other physical observables in the MSSM. For a precise prediction of the Higgs-boson masses for low and high SUSY scales, state-of-the-art fixed-order and effective-field-theory calculations are combined. We first discuss improvements of the fixed-order calculation, namely an optional DR renormalization of the stop sector and a renormalization of the Higgs sector ensuring the chosen input mass to be equivalent with the corresponding physical mass. Second, we describe improvements of the EFT calculation, i.e. an implementation of non-degenerate threshold corrections as well as an interpolation for complex parameters. Lastly, we highlight some improvements of the code structure easing future extensions of FeynHiggs to models beyond the MSSM. Reasons for the new version: Improved calculations and code structure.
Introduction
While the gauge sector of the Standard Model (SM) is well investigated, the experimental precision in the Higgs sector [1] [2] [3] [4] leaves significant room for physics beyond the SM (BSM). One of the most frequently discussed BSM theories containing an extended Higgs sector is the Minimal Supersymmetric Standard Model (MSSM) [5, 6] based upon the concept of supersymmetry (SUSY). Apart from adding a superpartner to every SM degree of freedom, the MSSM also introduces a second Higgs doublet resulting in five physical Higgs bosons: at the tree level, these are the CP-even h and H bosons, the CP-odd A boson as well as the charged H ± bosons. Owing to the underlying supersymmetry, the Higgs sector is determined by only two additional non-SM parameters at the tree level. Conventionally, they are chosen as the ratio of the vacuum expaction values (vevs) of the two doublets, tan β = v 2 /v 1 , and the mass of the A-boson, M A (or the mass of the charged bosons, M H ± ).
Consequently, the Higgs sector of the MSSM is highly predictive, i.e. the increasingly precise measurements of the properties of the Higgs boson discovered by the ATLAS and CMS collaborations [1, 2] at the Large Hadron Collider (LHC) allows one to efficiently probe the parameter space of the MSSM by comparing the high-precision measurements of Higgs-boson properties to the corresponding theoretical predictions.
In order to perform a meaningful comparison, it is essential to take into account radiative corrections to the theory predictions, since these have a large impact on the Higgs sector of the MSSM. To obtain a prediction with an uncertainty comparable to the experimental precision, much work has been dedicated to the calculation of these corrections (for the MSSM with real parameters see , for the MSSM with complex parameters see [43, 49, [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] ).
Apart from tackling the actual calculations, there has also been a major effort to make the results publicly available by providing them in terms of easily usable computer programs.
One such program is FeynHiggs [26, 38, 52, 60, 63, 77, 84, 85] , which is available at http://feynhiggs.de. Its main purpose is the calculation of the Higgs-boson masses in the MSSM, amended by predictions for various other phenomenologically relevant observables. It has become a standard tool that is used for instance by the LHC Higgs Cross-Section Working Group [86, 87] . For the calculation of the Higgs boson masses a combined approach of fixed-order Feynman-diagrammatic and effective-field-theory (EFT) calculations is employed. In this paper, we describe recent updates of the code released in versions 2.13.0 through 2.14.3. They improve both the diagrammatic calculation (see Section 3) and the EFT calculation (see Section 4) . Moreover, we discuss improvements of the code structure (see Section 5) and give a short introduction to FeynHiggs and how to use it (see Section 2) . In the recent version FeynHiggs 2.14.0, also the pole-mass-determination procedure was improved. This issue will, however, be discussed in a separate upcoming publication [88] .
FeynHiggs overview

Higgs boson mass spectrum
One of the main purposes of FeynHiggs is to provide predictions for the Higgs-boson masses in the MSSM. The most direct approach is to calculate higher-order corrections to the propagators of the Higgs bosons performing a fixed-order Feynman-diagrammatic calculation. FeynHiggs was originally developed around this approach: It incorporates full one-loop contributions [15, 18, 21] as well as the leading two-loop contributions [26, 32, 34, 35, 38, 40, 45, 77-80, 84, 85, 89, 90] to the Higgs two-point functions. For these corrections, a mixed OS/DR renormalization scheme is employed (see [77] for more details). The diagrammatic calculation allows one to take into account complex parameters fully at the one-loop level [77] and at O(α t α s , α 2 t ) [78] [79] [80] 90 ] at the two-loop level (the phase dependences of the other two-loop corrections are interpolated). Moreover, non-minimal flavour violation can be considered at the one-loop level [91] [92] [93] .
The diagrammatic calculation captures all contributions at a given order. This result contains logarithms involving some SUSY mass divided by the mass of a SM particle. For relatively low SUSY scales, these logarithms are small and the fixed-order calculation is therefore expected to be precise. For a large separation between the SUSY scale and the electroweak scale, however, these logarithms become large. Thus, they can spoil the convergence of the perturbative expansion, rendering the fixed-order calculation inaccurate.
Effective-field-theory (EFT) techniques provide a tool to resum these large logarithmic contributions to all orders [53, 55, 57, 59, 62, 67, 68, 94] . The main idea is to integrate out some or all heavy SUSY particles at a high scale. The effective couplings are then evolved down to the electroweak scale at which the Higgs mass (or masses) are calculated, effectively resumming all large logarithms that emerged from the masses of the heavy SUSY particles. A state-of-the-art EFT calculation is available in FeynHiggs [52, 60, 63] : based upon the results of [55, 57, 62] , it includes full resummation of leading and next-to-leading logarithms (NLL) as well as O(α s , α t ) resummation of nextto-next-to-leading logarithms (NNLL). Moreover, it allows one to take into account light electroweakinos and gluinos by implementing the corresponding low-energy thresholds. This logarithmic accuracy level ensures a high precision for high SUSY scales. However, since no higher-dimensional operators are included in the EFT calculation, terms suppressed by the SUSY scale are missed (see the discussion in [62] ). Therefore, the EFT calculation can become inaccurate for low SUSY scales.
In order to ensure a precise prediction for low, intermediary, and high SUSY scales, the fixed-order approach and the EFT approach are combined in FeynHiggs [52, 60, 63, 67] . This is achieved by adding the resummed logarithms obtained in the EFT approach to the self-energies obtained in the fixed-order approach and removing the doublecounted logarithms by subtraction terms.
Finally, the renormalized self-energies,Σ, supplemented by the resummed logarithms are used to obtain the pole masses of the Higgs bosons. For the neutral Higgs bosons this means that one has to find the poles of the propagator matrix, whose inverse is given bŷ
The mixing with the neutral Goldstone boson and the Z boson yields subleading twoloop contributions to the mass predictions and is therefore neglected. The ∆-terms contain the resummed logarithms, obtained in the EFT approach, as well as the corresponding subtraction terms. 2 If all input parameters are real,Σ hA andΣ HA vanish, and the (3 × 3) mixing is reduced to a (2 × 2) mixing.
The real parts of the complex poles yield the physical Higgs-boson masses. The masses are conventionally labelled as M h i (i = 1, 2, 3) in the case of (3 × 3) mixing, and as M h , M H and M A in the case of (2 × 2) mixing.
In order to treat external Higgs bosons on-shell (e.g. in decay rates), the (nonunitary) Z-matrix is caculated. [15, 77, [95] [96] [97] (see also [98] and Sect. 5.3 of [99] ). It relates the tree-level mass eigenstates to the external physical states. Also an approximated form of the Z-matrix is given in the output, the U-matrix. It is by default defined as the unitary matrix diagonalizing the inverse propagator matrix, Eq. (1), in the approximation of vanishing momentum [95, 100] and is used to obtain effective couplings.
FeynHiggs furthermore provides an estimate of the remaining theoretical uncertainties from unknown higher-order corrections for all Higgs boson masses, for the Z-matrix, and for the U-matrix [38] .
Other observables
The calculated Higgs masses and the Z-matrix are used as input for the prediction of various other observables in the MSSM. The implemented decay widths are sum-decay width / branching ratio precision level references h i → γγ, γZ, gg LO + NLO QCD [102] [103] [104] Moreover, the output contains several electroweak precision observables (Tab. 3), flavour observables (Tab. 4), and a list of effective couplings. For many observables the corresponding SM predictions are given, in order to facilitate the comparison between MSSM and SM predictions. For the flavour observables, the recommendation is to use the values given in the output only to be added to the best available SM predictions (which are not provided by FeynHiggs), as in:
Note that the references listed in the Tables are not meant to provide a comprehensive literature list for the quoted observable. We list here only references containing corrections that are implemented into FeynHiggs.
Using FeynHiggs
FeynHiggs is mostly written in Fortran but can also be called from C/C++ and Mathematica, or accessed from a Web interface. In order to build FeynHiggs a Fortran production cross section precision level references bb → h i + X reweighting of SM results [86, 87] 
reweighting of SM results [86, 87, 110] 
reweighting of SM results [86, 87] and C compiler and, to build the FeynHiggs executables for Mathematica, a working Mathematica/MathLink installation are needed. The code has been thoroughly tested with gfortran, ifort, and pgf90 in several versions on several platforms. After downloading the latest tar file from http://feynhiggs.de, the configuration and installation follow these steps: tar xvfz FeynHiggs-2.14.x.tar.gz cd FeynHiggs-2.14.x ./configure make make install
After building the code, FeynHiggs provides several ways to use it:
• The FeynHiggs Fortran library libFH.a can be linked to Fortran or C/C++ programs, where the latter include CFeynHiggs.h.
• The FeynHiggs executable FeynHiggs allows one to run FeynHiggs from the command-line.
• The MathLink executable MFeynHiggs allows one to call FeynHiggs from within a Mathematica session.
The Web interface at http://feynhiggs.de/fhucc allows one to run FeynHiggs without downloading it.
For more details, we refer to the manual pages which are included in the tar file or are available at http://feynhiggs.de.
Improvements of the fixed-order calculation
In this section we describe improvements of the fixed-order calculation starting from FeynHiggs 2.13 (released in early 2017). The first improvement is the implementation of an optional DR renormalization of the stop sector. Second, we discuss an adaptation of the renormalization in the Higgs sector at the two-loop level.
Optional DR renormalization
FeynHiggs by default employs a mixed OS/DR renormalization scheme (see [77] for more details). In particular, the parameters of the stop/top sector are defined using OS renormalization conditions [78] (stop masses and stop mixing parameter X t ).
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FeynHiggs also offers the possibility to use DR input parameters, however. Before the release of FeynHiggs 2.14, these were converted to OS parameters at the one-loop level.
Figure 1: Generic two-loop subloop-renormalization diagrams appearing in the calculation of the DR shifts (S = h, H, A and i, j, k = 1, 2). Due to the SU (2) L symmetry that relates the stop and sbottom sectors, also the diagrams containing only bottom squarks yield contributions involving stop counterterms.
The obtained OS parameters were then used as input for the rest of the calculation. This procedure has the advantage that a DR result and the default OS/DR result of FeynHiggs can easily be compared. If the calculation is performed identically except for the renormalization schemes, the difference between the two results can be interpreted as a part of the theoretical uncertainty. As shown in [63] , this procedure is, however, problematic if the fixed-order result is supplemented by a resummation of large logarithms obtained in an EFT approach. The parameter conversion induces additional logarithmic higher-order terms which can become large for large SUSY scales and therefore spoil the resummation. To circumvent this issue, an optional DR renormalization of the stop sector was employed in [63] . Here we describe the practical implementation of this optional renormalization scheme.
This scheme is implemented with the stop-mass scale M S = √ mt 1 mt 2 as DR scale.
Inserting the relation
The subscript "fin" indicates that only the finite part of the OS counterterm is taken into account. The UV-divergent part is cancelled by the corresponding DR counterterm.
and employing a Taylor expansion around X OS t we obtain
whereΣ is a generic renormalized self-energy, e.g. the hh self-energy. The second term on the right-hand side corresponds to the subloop-renormalization diagrams involving δX t which are depicted in Fig. 1 . In this way, changing the renormalization scheme and scale of the stop sector becomes straightforward.
6 It amounts to the calculation of all subloop-renormalization diagrams involving the stop mass or the stop mixing counterterms with the renormalization scale set equal to the stop mass scale M S . It should be noted that due to the SU (2) L gauge symmetry also some sbottom counterterms depend on stop counterterms (see e.g. [45] ). Hence, also these contributions have to be taken into account. Adding the result to the existing self-energies with an OS renormalized stop sector, we have obtained the self-energies with a DR-renormalized stop sector.
This calculation is automated (see Section 5) and also works for complex input parameters. In contrast, the explicit conversion to OS parameters had been implemented for real input parameters only and was in practice applied to the absolute value while the phase was left unchanged. The new procedure is presently used in the stop sector of the mass calculation; if the parameters of the sbottom sector are input in the DR scheme, FeynHiggs still uses the explicit DR/OS conversion to obtain the parameters renormalized in the mixed OS/DR scheme which is employed for the sbottom sector [35] . The explicit conversion is likewise still used for the calculation of other observables (e.g. decay rates to scalar tops), with the exception of the h i → h j h k modes. For the calculation of the latter, the DR parameters of the stop sector are used in order to consistently combine the NLO result [107, 109] with a resummation of large logarithms.
Adapted renormalization of the Higgs sector
Another improvement concerns the renormalization of the Higgs sector at the twoloop level. If the mass of the CP-odd Higgs boson A is used as input mass (as done by default in the case of (2 × 2) mixing), the following OS renormalization conditions are employed,
where the δ (1) Z-s are one-loop field renormalization constants (following the conventions of [80] ).
The physical mass squared, M 2 A , is given by the real part of the corresponding propagator pole. In the absence of CP-violation, i.e. if all input parameters are real, this pole is obtained by solving the equation
Expanding up to the two-loop level yields
where the renormalized self-energies, marked by a hat, are given in terms of the unrenormalized self-energies containing the subloop renormalization and counterterms bŷ
The superscript marks the loop order, and the prime is used to denote a derivative with respect to p 2 . Employing the conditions defined in Eqs. (4) and (5), we straightforwardly obtain
meaning that the input mass m A is equivalent to the physical mass M A . Before the release of FeynHiggs 2.14.0, the term in the last line of Eq. (5) had been omitted. If the charged Higgs boson mass m H ± is used as input parameter and renormalized on-shell (as done by default in the case of (3 × 3) mixing in the neutral Higgs sector), 7 At the two-loop level, all self-energy contributions implemented in FeynHiggs are obtained by default in the limit of vanishing external momentum. Therefore, the counterterms are adapted accordingly if they appear at the two-loop level (see e.g. [80] for more details). An exception are the O(α t α s ) corrections for which optionally the full momentum dependence can be taken into account [54, 58] . Note that the new additional contribution to the two-loop counterterms δ its two-loop counterterm is adapted accordingly,
In the approximation of vanishing electroweak gauge couplings, as employed for all twoloop corrections implemented in FeynHiggs, the two-loop counterterm of the W boson mass δ (2) M 2 W is equal to zero.
Improvements of the EFT calculation
Apart from the fixed-order calculation, also the EFT calculation that is implemented in FeynHiggs has been improved.
The first advancement concerns the threshold corrections. Up to FeynHiggs 2.12.2, all threshold corrections were implemented in their degenerate form. This means that at a threshold all particles which are integrated out were assumed to have the same mass, which is moreover equal to the matching scale. As an example, in the EFT calculation it was assumed that the soft SUSY-breaking masses of the stop sector, M Q 3 and M U 3 , are equal to each other. No such assumptions have been made in the fixed-order calculation, however. Therefore, the effect of non-degeneracy was captured completely at the oneloop level and at the two-loop level in the limit of vanishing electroweak gauge couplings via the diagrammatic part of the hybrid calculation.
In FeynHiggs 2.13.0, the full non-degenerate one-loop and the two-loop threshold corrections of O(α t α s ) [55] have been implemented. In FeynHiggs 2.14.1, also the nondegenerate two-loop threshold corrections of O(α 2 t ) [62] have been included. This facilitated to lift also a further restriction. Before, the low-energy threshold of the gluino could only be taken into account in the case of LL and NLL resummation. If NNLL resummation was activated, the gluino mass Mg was set equal to the SUSY scale M SUSY in the EFT calculation. The implementation of the non-degenerate threshold correction of O(α t α s ) enables us to set Mg independently of M SUSY in all relevant threshold corrections. 8 No two-loop threshold corrections need to be taken into account if the gluino is integrated out from the effective theory below the scale M SUSY . This is due to the couplings of the gluino: It couples either through a quark-squark-gluino or a gluon-gluino-gluino vertex. Therefore, the gluino only contributes to the matching of the Higgs self-coupling in the effective theory below the scale M SUSY -in which all squarks are integrated out-at the three-loop level and beyond. The RGEs of the EFT are modified already at the one-loop level, however. Corresponding one-and twoloop RGEs are listed in [60] . The modifications of the three-loop RGEs are unknown. Based on the finding that in the SM the effects from three-loop running are negligible (see e.g. [59] ), it is conceivable that also the three-loop running in the SM plus gluino is negligible.
As second improvement, an interpolation of the EFT result was introduced for complex parameters in FeynHiggs 2.13.0. A pure EFT calculation taking into account phases in the threshold corrections has been performed in Ref. [130] , however, for the hybrid approach no calculation for complex parameters is available at the moment. Therefore, we follow the approach that is employed in FeynHiggs for those fixed-order contributions which are only known for the case of real parameters and interpolate the EFT calculation in the case of complex parameters. The interpolation is carried out for the Higgsino mass parameter µ, the trilinear coupling in the stop sector A t , and the gluino mass parameter M 3 , which are all allowed to take complex values. The interpolation is performed by evaluating the EFT result at |P | and −|P | (P = µ, A t , M 3 ) and afterwards linearly interpolating between the obtained values.
Improvements of code structure
The code of FeynHiggs is structured in three parts:
• code hand-written for FeynHiggs
The 'back bone' of FeynHiggs is of course written by hand. Most code has been developed specifically for FeynHiggs, with some adaptations from external sources, e.g. LoopTools [131] or SLHALib [132] . Code falling into this category includes -all structural code: data structures, frontend, I/O, record handling, etc.
-utility functions: matrix diagonalization, loop integrals, ordinary-differentialequation solver, etc.
-contributions taken from the literature: the EDMs, some of the RGEs and threshold corrections in the EFT sector, higher-order SM parts of ∆r, etc.
• code generated from external expressions FeynHiggs includes several contributions which originated from independent projects and for which the original (typically large) expressions are available, usually in Mathematica format: several of the two-loop contributions to the Higgs selfenergies, several ingredients of the EFT calculation, the muon g − 2, the two-loop parts of ∆r, etc. This is already more practical than hand-coded expressions since modifications (e.g. a change in conventions) can be done in Mathematica which is much easier and safer than search/replace in an editor. Also the code can be re-generated at any time and can be optimized, too. On the other hand, it is nearly impossible to extend or significantly change results implemented in this way.
• code generated from calculations done in/for FeynHiggs This mode is most convenient for perturbatively calculable quantities since it allows full control over model content, particle selection, resummations/K-factors, the renormalization prescription, etc. Calculations done in this way can usually be generalized to other models relatively straightforwardly. Note that we do not pursue a 'generator generator' approach as done in some other packages, i.e. even if our scripts ran (or were modified to run) with an 'arbitrary' model file, the produced code would still need to be embedded in and called from the main program, in which the inputs have to be properly adjusted. The code-generation scripts generally follow the approach of [90] and, in case of improvements or bugfixes, can be re-run with a few keystrokes.
(Another subdirectory, 'gen/prod', contains code for the empirical fitting of crosssections from tabulated data. It falls somewhat outside the sort of code generation described here and shall not be discussed further.)
In the following we describe the main improvements in FeynHiggs version 2.14. The unrenormalized one-loop Higgs self-energies have been generated with a high degree of automatization for all versions since 2.0. Before FeynHiggs 2.14, however, the entire renormalization was hard-coded. (At the time of the first implementation of the self-energies, a model file for the MSSM including the complete set of one-loop counter-terms [133] did not yet exist.) Old FeynHiggs versions actually encoded various options of renormalization schemes which were used for testing at that time. The only recommended scheme became the one used in the model file. The flags fieldren and tanbren, which selected these schemes, were correspondingly dropped in 2.14.
The new procedure instead reads the renormalization (counter-terms plus renormalization constants) from the model file, making as few assumptions as possible. It needs to know the relevant flags governing the renormalization, of course, such as $MHpInput, which selects whether M A or M H + is the input mass for the Higgs sector, for which it generates the necessary if statements in the output. Diagram computation and code generation rely heavily on FeynArts [134] and FormCalc [131] , and to achieve the level of automation we desired, we had to enhance and add several of FormCalc's code-generation functions.
New in 2.14 are also the two-loop shifts induced by the use of DR input parameters and finite field-renormalization factors in the one-loop Higgs self-energies.
Even though FeynHiggs does not (yet) go beyond the MSSM in scope, there are three 'models' used internally: 'mfv' and 'nmfv', the MSSM with minimal and nonminimal flavour-violation, and 'gl', the gaugeless version used e.g. in the two-loop calculations. An important task was also to consolidate various sources of Feynman rules for the MSSM which had grown over the years.
All one-loop self-energies are automatically split into the parts corresponding to FeynHiggs' mssmpart flag: t/t; t/t + b/b; f /f ; all, so that individual sectors of the MSSM can still be looked at even in the presence of a generated renormalization. Our code generation routines are generic enough to deal with things such as different renormalization schemes and simple extensions of the MSSM but are also to a certain extent modelaware, e.g. know how to simplify the (2 × 2) sfermion mixing matrices, and are hence not directly applicable to 'arbitrary' models. Planned directions in this programme are the implementation of recent two-loop results (e.g. [82, 83] ) and the extension to the NMSSM based on [98, 101, 135] .
Finally, the adherence to the FORTRAN 77 standard, kept mainly because of g77 (for many years the only free Fortran compiler), was dropped with version 2.14. Even though outwardly the code retains its fixed-format 'F77' look, it uses many F90 idioms, in particular vector syntax.
While the numerical stability of the code is generally satisfactory, some sections, for example the non-degenerate two-loop threshold corrections of the EFT results, can be affected by numerical artefacts even in not-too-extreme corners of the parameter space. A quadruple-precision version of FeynHiggs has been available for some time (./configure --quad) but this naturally runs vastly slower. In 2.14.3 we reorganized many of the internal utility functions, in particular the loop integrals, so that they compile to either a double-or a quadruple-precision object depending on the setting of a flag, and can now adjust higher precision for just the neuralgic parts, which improves overall precision appreciably and makes the slowdown hardly noticeable. Quadruple precision (REAL*16, COMPLEX*32) is currently available with gfortran and ifort. With gfortran, the alternate extended-precision type REAL*10 can also be targeted, which is realized in hardware on Intel x86 chips, either overall (./configure --quad --real10) or just for the parts in need of extra precision (./configure --real10).
Numerical results
In this Section, we present some exemplary results highlighting various aspects of the improvements discussed above. Other examples of the improved Higgs-boson mass calculation are given in [63, 67, 136, 137] .
Improvements of the fixed-order calculation
First, we look at the improvements of the fixed-order calculation as dissused in Section 3: the numerical impact of the new optional DR renormalization on M h obtained as a result of the hybrid approach has already been presented in [63] , and we do not repeat this discussion here. We will, however, investigate scenarios with complex DR input parameters in Section 6.2.
The numerical effect of the adapted renormalization of the Higgs sector, see Section 3, namely of the additional term Im[Σ (1) ] Im[Σ (1) ] in the two-loop counterterm of the input mass in Eq. (5) or Eq. (11) is shown in the left plot of Fig. 2 for a scenario with the input values M SUSY = 1 TeV (common mass scale of squarks and sleptons), X OS t /M SUSY = 2, m A = 500 GeV, and µ = −500 GeV. The gaugino masses are set to M 1 = M 2 = 500 GeV, and M 3 = 2.5 TeV. All trilinear soft-breaking couplings apart from A t are set to zero.
Due to the chosen mass pattern, the additional term Im[Σ
A )] only receives contributions from SM particles. One observes that the term is negligible in the range 2 tan β 25. For tan β ∼ 1, where the coupling of the heavy Higgs bosons to top quarks is not suppressed, a small upward shift of all three non-SMlike Higgs-boson masses is visible. Similarly, one finds a slightly larger upward shift for tan β 25, where the coupling of the heavy Higgs bosons to bottom quarks becomes large. One also observes that with the adapted renormalization scheme the physical mass of the A-boson is, as expected, always equal to the input mass m A .
Improvements of the EFT calculation
Next, we discuss the numerical impact of the improvements of the EFT calculation. We first consider the effect of the non-degenerate threshold corrections. Since, as already mentioned, the effect of non-degenerate particle masses was captured exactly up to the level of two-loop corrections via the fixed-order calculation before, the numerical impact of those for scenarios with SUSY masses around the TeV scale is quite small ( O(100 MeV)).
For multi-TeV SUSY masses larger effects can be observed, however. As an example, we investigate a scenario in which all soft-breaking masses, the mass of the CP-odd Higgs boson, m A , and the Higgsino mass parameter µ are set equal to M SUSY = 5 TeV. Only the soft-breaking mass M U 3 in the stop sector is chosen differently, M U 3 = M SUSY /4, to generate a large non-degeneracy in the stop sector. tan β is set equal to 10. In the right plot of Fig. 2 
6 if the degenerate threshold correction of O(α 2 t ) is used. This effect was especially relevant for the studies conducted in [137] .
For a further example showing the impact of the non-degenerate threshold corrections of O(α 2 t ), we refer to [67] where scenarios with low m A are investigated and shifts of up to 6 GeV have been found between results obtained using the degenerate and non-degenerate threshold corrections of O(α 2 t ). As second improvement we investigate the interpolation of the EFT result for the case of complex input parameters. We compare three methods to handle complex parameters in the EFT calculation: using the real part of the complex parameter as input, using its absolute value as input, and the interpolation method described in Section 4. For the investigation, we use a scenario like the one in the right plot of In the left panel of Fig. 3 we vary the phase of A t between −π and π and observe shifts in M h of up to 3 GeV for φ At ∼ ± . Cutting off the imaginary part of A t leads to values of M h which are similar to those obtained from the interpolation in φ At only close to φ At = 0; ±π where the imaginary part of A t is small. For phases in between, the predicted values of M h are smaller compared to those obtained from the interpolation. Using the absolute value conversely works better for |φ At | 0.7 but is worse, as expected, for φ At ∼ ±π. Since the one-loop threshold correction involves only even powers of X t , and in the investigated scenario A t is similar in size to X t due to the relatively high value of tan β, the dominant contribution causing these shifts is the threshold correction of O(α t α s ). This is confirmed by the right plot of Fig. 3 , showing a variation of the gluino phase φ M 3 . The threshold correction of O(α t α s ) is a function of X t /M 3 . Therefore, a variation of φ M 3 is comparable to a variation of φ At , as observable in the plots. Cutting off the imaginary part of M 3 is not a good approximation here since M 3 appears in the denominator and its real part approaches zero for φ M 3 ∼ ± π 4 . Given that the different treatment of the phases is formally of three-loop order (at the one-and two-loop level the phase dependence is taken into account without approximation) the effects are remarkably large. In contrast, a variation of φ µ leads only to very small shifts well below 1 GeV.
The plots shown in Fig. 3 are also examples of scenarios with complex DR input parameters. The conversion between the DR input parameters and the internally used OS parameters, as employed in earlier FeynHiggs versions, was in contrast not applicable to the case of complex parameters (i.e. the phases were not converted to the OS scheme).
Conclusions
After presenting a short overview over the Fortran code FeynHiggs (available at http://feynhiggs.de), whose main purpose is to provide precise numerical predictions for observables in the Higgs sector of the MSSM, we discussed various improvements in the calculation of the Higgs spectrum. For the prediction of the Higgs-boson masses, a diagrammatic fixed-order calculation-accurate for low SUSY scales-is combined with an EFT calculation-accurate for high SUSY scales-in order to provide an accurate result also for intermediate scales.
We first discussed improvements of the fixed-order calculation. We explained the implementation of an alternative DR renormalization of the stop sector (allowing one to input also complex DR parameters). Moreover, we showed how the two-loop renormalization of the Higgs sector is adapted in order to ensure that the input Higgs mass is equal to the corresponding physical mass. Numerically, this change of the renormalization scheme has been relevant in the considered scenario only for very low or very high values of tan β.
Then, we addressed the improvements of the EFT calculation. We described the implementation of threshold corrections valid for arbitrary masses of the decoupled particles and showed that this can lead to sizeable numerical effects as compared to the result using degenerate threshold corrections e.g. in the case of a large separation between the two stop masses. Moreover, we explained how the EFT calculation is interpolated in the case of complex input parameters. The numerical effects of the phase variations can be important if the imaginary parts of the respective parameters are sufficiently large.
We furthermore highlighted several improvements of the code structure, which are not directly visible for the user but should allow for an easier development and extension of FeynHiggs in the future.
